This study investigated the origin of dielectric loss induced by O 2 plasma on organo-silicate glass low-k dielectrics. The contributions from the polarization components to dielectric constant were delineated by analyzing the results from capacitance-voltage measurement, spectroscopic ellipsometry, and Fourier transform infrared spectroscopy together with the Kramers-Kronig dispersion relation. The dielectric loss was found to be dominated by the dipole contribution, compared with the electronic and ionic polarizations. The origin of the dipole contribution was further investigated by performing quantum chemistry calculations. The physisorbed water molecules were found to be primarily responsible for the dipole moment increase and the dielectric loss. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3026528͔
Since the implementation of fully dense low-k dielectrics with k ϳ 2.7-3.0 for the 130 nm technology node, ultralow k ͑ULK͒ dielectrics with porosity are being developed for further reduction in the RC delay in Cu interconnects. 1 In spite of extensive efforts, the International Technology Roadmap for Semiconductors 2007 has again delayed the implementation of ULK dielectrics.
2 Plasma induced damage of porous ULK has been a major difficulty. An O 2 plasma ashing process degrades the porous low-k dielectrics, increasing the dielectric constant and leakage current of the low-k structure. This seriously limits the further scaling of low-k interconnects and has stimulated significant interests in plasma damage studies of ULK dielectrics. [3] [4] [5] [6] [7] Several studies have reported chemical changes in low-k dielectrics during plasma treatments, 8 but few have addressed the origin of dielectric loss. The objective of this study is to examine the origin of dielectric loss induced by O 2 plasma on a porous organosilicate glass ͑OSG͒ material. Based on the ClausiusMossotti-Debye equation
the dielectric constant ͑͒ can be separated into three components-the electronic polarization ͑N e ␣ e ͒, the ionic polarization ͑N i ␣ i ͒, and the dipolar polarization ͑N o p o 2 / 3kT͒. N e,i,o is the density, ␣ e,i is the polarizability, p o is the permanent dipole moment, and T is the temperature. Since the dielectric response of each polarization component is frequency dependent, contributions from polarization components to dielectric loss can be delineated at different frequencies by using capacitance-voltage ͑C-V͒ measurement, Fourier transform infrared ͑FTIR͒ spectroscopy, and spectroscopic ellipsometry ͑SE͒ combined with the KramersKronig dispersion relation. 9 The dielectric loss was found to be dominated by the dipolar contribution in comparison with the electronic and the ionic polarizations. In order to investigate the origin of the dipolar contribution, quantum chemistry calculations were preformed to evaluate the dipole moments of various molecular clusters derived from a basic unit of the OSG material as a result of plasma interaction.
A pristine OSG film was deposited with ϳ25% porosity to yield a dielectric constant of 2.5 and refractive index of 1.339 at 633 nm. An O 2 plasma treatment was performed under the conditions of 150 W, 372 V dc bias, 30 mtorr, 30 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ for 10 min in an Oxford Plasmalab 80 Plus RIE chamber operating at 13.56 MHz. The bonding configurations were identified by FTIR using a Nicolet Magna 560 spectrometer. The refractive index and thickness of the film were measured by a J. A. Woollam M-2000 spectroscopic ellipsometer. The dielectric constant at 1 MHz was measured by a mercury probe.
The changes in bonding configuration were examined by differential FTIR. The pristine OSG spectrum was subtracted from that after O 2 plasma treatment. As shown in Fig. 1 ployed to identify the vapor byproducts during O 2 plasma process. 8 Two vapor byproducts with mass-to-charge ratio of 44 and 18 were detected and attributed to CO 2 and H 2 O, respectively. These results indicated that the hydrophobic Si-͑CH 3 ͒ x group reacted with oxygen radicals or ions to form hydrophilic Si-OH or Si-CH= O bonds, which could adsorb moisture. Two possible moisture sources are from the reaction byproduct as indicated by RGA analysis and due to exposure to ambient. Marsik et al. 11 found that the refractive index of plasma damaged low-k dielectrics increased with humidity due to the surface hydrophilization.
After O 2 plasma treatment, the film thickness was found to reduce from 89.8 to 83.8 nm while the refractive index changed from 1.339 to 1.338, together with an increase in the dielectric constant at 1 MHz from 2.500 to 3.259. To trace the origin of the dielectric loss, the polarization components were separated. In the visible to ultraviolet ͑vis-UV͒ range, only electrons can respond to the time varying fields. Thus, the electronic contribution ͑ e ͒ can be calculated from the refractive index ͑n͒ and the extinction coefficient ͑k͒ obtained by the SE measurement according to e = ͓n 2 + k 2 ͔ vis-UV − 1. In the infrared range ͑IR͒, both electrons and ions can respond. Thus the ionic contribution ͑ i ͒ can be calculated by subtracting the electronic dielectric constant ͑ e ͒ from the dielectric constant in the IR range: i = ͓n 2 + k 2 ͔ IR −1− e . The refractive index in the IR range is calculated by the Kramers-Kronig dispersion relation
where n͑ r ͒ is the refractive index at r = 15 787.06 cm −1 from SE, A͑͒ is the absorbance from FTIR, t is the film thickness, P is the principal value, a = 520 cm −1 , and b = 4000 cm −1 . In the radio-frequency range, all three components can respond. Therefore, the dipolar dielectric constant ͑ d ͒ can be obtained by subtracting the electronic ͑ e ͒ and ionic ͑ i ͒ components from the dielectric constant at 1 MHz Quantum chemistry calculations were performed using the GAUSSIAN 03W software to deduce the permanent dipole moments from various molecular clusters generated by O 2 plasma. 12 The pristine OSG was simulated using a Si 8 O 12 H cluster-the first molecular cluster in Fig. 2 . In accordance with the differential FTIR spectrum, the effect of O 2 plasma damage was simulated by replacing the Si-CH 3 group with various molecular clusters, including Si-OH, Si-OH-OH 2 , Si-, Si-O-, and Si-CH= O, as shown in Fig. 2 . For each cluster, a Hartree-Fock model and a 6-31G͑d͒ basis set were used for geometry optimization and frequency calculation. Results are summarized in Table I . The square of the dipole moment p o 2 of Si-CH 3 was used as a normalization base for all clusters. The results showed that the physisorbed water molecule induced the biggest dipole moment increase as indicated by the largest normalized p o 2 , 24.8 for Si-OH-OH 2 . If more water molecules were linked together by additional hydrogen bonds, the dielectric loss can be even higher. Among the other clusters, the Si-CH= O and Si-O-clusters also contributed to the dielectric loss but less than by moisture uptake. The results obtained so far suggested that O 2 plasma induced methyl depletion and formation of the Si-OH-OH 2 and Si-CH= O bonds are the primary dipolar contributions to the dielectric loss. The removal of −OH/ H 2 O bonds was important for dielectric recovery. This result is consistent with several studies reporting that the dielectric constants or refractive indices of plasma damaged low-k dielectrics were partially recovered by removal of −OH/ H 2 O bonds induced by thermal annealing 8, 13 or by UV treatment. 14 In summary, the origin of dielectric loss induced by O 2 plasma on OSG films was investigated using a combination of analytical techniques together with the Kramers-Kronig dispersion relation. The results indicated that the dielectric loss was dominated by the dipole contribution in comparison with the electronic and the ionic polarizations. Quantum chemistry calculations showed that physisorbed water molecules were primarily responsible for the dipolar contribution to the dielectric loss.
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